RESEARCH
O rchardgrass (Dactylis glomerata L.) is a valuable pasture grass, broadly adapted to many humid, temperate regions. Although hundreds of cultivars have been developed within this species, seed markets are generally dominated by early fl owering cultivars, largely because they tend to have the greatest seed production, reducing the cost of seed to forage producers (Casler et al., 1997 (Casler et al., , 2000 . While early fl owering cultivars are highly productive in pastures, they create a nuisance for graziers by the early and profuse development of culms and infl orescences, reducing livestock intake on orchardgrass pastures (Peterson et al., 1958) . Although the concept of using nonfl owering or sparse-fl owering cultivars to avoid this problem has been known for many years, there has been little progress toward developing cultivars that possess this trait in a pasture setting, but also are capable of economically viable seed production. Hovin et al. (1966) developed two sparse-fl owering orchardgrass populations that had normal panicle and seed production in eastern Washington, but severely reduced panicle production in Pennsylvania and Vermont (Berg et al., 1981) . Casler et al. (2004) 
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locations with similar daylength, ranging from 42°27' to 46°35' N lat., but diff ering in mean winter temperature, ranging from -4.1 to 6.0°C. The populations segregated strongly for fl owering traits, but were consistently later in heading and fl owering, produced signifi cantly few panicles per plant, and had higher frequencies of sparse-or nonfl owering plants than the cultivars. The frequency of stable sparse-fl owering and nonfl owering plants varied across the fi ve locations and was closely and consistently related to mean temperature of the coldest month, which ranged from -12.0 to 4.9°C.
Repeatable phenotypic diff erences between the sparse-fl owering populations and cultivars and the highly repeatable segregation patterns observed within the sparsefl owering populations are strong evidence for genetic control of fl owering in orchardgrass (Casler et al., 2004) . Flowering is regulated by genes that regulate vernalization response, photoperiod response, and earliness of heading (Cockram et al., 2007) , interacting with each other and with the environment in complex pathways. Vernalization genes are highly conserved across the Poaceae family (Andersen et al., 2006; Yan et al., 2003) . Flowering genes are regulated by activators and repressors, which interact in response to environmental stimuli such as temperature (Trevaskis et al., 2003) . Furthermore, vernalization genes can mask the eff ects of genes that regulate photoperiodism and earliness simply by their profound eff ect on fl owering expression (Cockram et al., 2007) .
In Phase I of this project, we concluded that sensitivity to cold temperatures is the basis for the genetic variability and segregation observed in the frequency of sparse-fl owering and nonfl owering response (Casler et al., 2004) . We estimated that normal-fl owering cultivars have a monthly mean winter temperature threshold of -12 to -8°C, below which fl owering may be suppressed. Orchardgrass plants appear to express genetic variability for this threshold temperature, so that stable sparse-fl owering and nonfl owering plants appear to have a higher threshold temperature of -7 to -5°C. Due to the complexity of potential segregation patterns in autotetraploid orchardgrass (Lumaret, 1988) , it is probable that a detailed genetic and physiological analysis will reveal a range of temperature thresholds among individual orchardgrass genotypes.
From this Phase I experiment, we selected 86 plants that expressed the nonfl owering trait consistently for 2 yr at a cold-winter location (Casler et al., 2004) . Because any commercial use of these genotypes will require their ability to produce seed, the feasibility of producing seed from these genotypes must be evaluated. Therefore, the objective of this Phase II experiment was to evaluate these genotypes for fl owering and seed production traits at four locations with a range of mean winter temperatures substantially higher than our estimated threshold temperatures for suppression of fl owering. This research is intended to establish the feasibility of identifying individual orchardgrass genotypes capable of fl owering in a typical seed production environment and incapable of fl owering in a typical forage production environment.
MATERIALS AND METHODS
The germplasm for this experiment derives from two sparsefl owering orchardgrass populations discovered and initially characterized in the 1960s at State College, PA (Hovin et al., 1966) . The two populations were renamed WO-SF-B and WO-SF-C by Casler et al. (2004) . A total of 299 half-sib families were produced at Corvallis, OR in 1994. Using seed of these half-sib families, Casler et al. (2004) established 2990 plants at each of four locations in 1998: Arlington, WI; Ashland, WI; Ithaca, NY; and Charlottetown, PE (location details are provided by Casler et al., 2004) . These authors selected a total of 86 plants for complete absence of panicle production in 1999-2000 (23 from Arlington, 22 from Ashland, 21 from Ithaca, and 20 from Charlottetown).
A total of 86 selected plants were transplanted into a greenhouse in Madison, WI, and then to a fi eld site along with six random plants from each of 'AC Nordic' and 'Benchmark' cultivars in June 2003. In August 2004, all 98 plants were vegetatively propagated into 16 clonal ramets each. Clonal ramets were shipped to Corvallis, OR; Central Ferry, WA; Pullman, WA; and Parlier, CA, (four replicates per location). Plants were transplanted into greenhouses at these locations for 4 to 6 wk and then transplanted to fi eld sites after they had overcome the shock of shipping and transplanting. The Parlier, CA location is substantially south of the typical areas of orchardgrass seed production, but was chosen as a warm-winter control that we hypothesized would suppress fl owering due to inadquate vernalization conditions. The 98 clones were established into a randomized complete block design with four replicates at each of four locations (Table 1) . Plants were spaced 0.9 m apart in perpendicular directions and there was no cover crop between adjacent plants. Weeds were controlled by the use of preemergence herbicides and hand weeding. Nitrogen fertilizer was applied at a rate of 56 kg N ha -1 in early spring 2005 and 2006 . Plants at all locations were irrigated as needed to aid their establishment and as necessary to maintain normal growth and development during spring.
Heading date and anthesis date were scored on all plants at Corvallis, Central Ferry, and Pullman. Heading date was recorded when panicles were fully extended and anthesis date eff ect of populations accounting for 97% of the variance of a population mean. Plants selected at Ithaca ('WO5-ITH') were the latest in heading, while those selected at Ashland ('WO5-ASH') were the earliest in heading (Table 2) . Plants selected from Ithaca headed an average of 20 d later than Benchmark, 12 d later than AC Nordic, and 7 d later than plants selected from Ashland. Ithaca was the southernmost and Ashland was the northernmost of the four locations at which selection was practiced (Casler et al., 2004) , so these selection responses were as predicted for an adaptive response: later heading in populations of more southern origin. Phenotypic variation for anthesis date paralleled that for heading date, with little or no change in ranking or magnitude of variability between anthesis and heading dates (Table 3) . Among the four sparse-fl owering populations, there was some compression in population means for anthesis date compared to heading date (phenotypic variance 6.7 vs. 9.0, respectively) at the population level, suggesting the possible existence of genetic variability for the time between heading and anthesis. These results confi rmed that these sparse-fl owering orchardgrass populations are extremely late in heading and anthesis and this genetic variability is highly repeatable across a wide range was recorded when pollen was present on the most mature panicles. Number of panicles was counted on all plants shortly before seed ripening. Ten panicles were harvested from each plant when seed was ripe but before initiation of seed shattering. Seed was threshed and cleaned uniformly for all seed lots and seed mass was used to compute mean panicle seed yield (g panicle -1 ). Seed yield per plant was computed as the product of panicle number and mean panicle seed yield. Each plant was scored as fl owering (1) or nonfl owering (0) and fl owering scores were used to compute the percentage of fl owering plants.
Data were analyzed by analysis of variance assuming populations and clones to have fi xed eff ects and locations, years, and replicates to have random eff ects. Population and cultivar means were compared using a conservative LSD with a denominator of 24 (four replicates × six plants within each of the two cultivars). Because the four selected populations had 20 to 23 plants per population, this LSD value provides a conservative estimate of signifi cant diff erences among selected populations and between selected populations and cultivars. The percentage of fl owering plants was computed for each location × year × population combination and diff erences in percentages were analyzed by chi-square (Steel et al., 1996) .
RESULTS AND DISCUSSION
Population and cultivar means for heading date were highly repeatable across locations and years, with the main Table 2 . Mean heading date of four sparse-fl owering populations (pop.) and two check cultivars of orchardgrass evaluated for 2 yr at three locations, including P-values for the mean squares of populations (5 df) and clones within populations (92 df).
Population Central Ferry 2005 Central Ferry 2006 Pullman 2005 Pullman 2006 Corvallis 2005 Corvallis 2006
Mean Casler et al., 2004) . The four locations were grouped into two categories based on the fl owering responses of the four sparse-fl owering populations (Table 4 ). The three northern locations had a mean percentage of fl owering plants of 90 to 93%, while Parlier had a mean of 38% (P < 0.01 among locations). Parlier was an unsuitable location for seed production of the sparse-fl owering populations, most likely due to warmer temperatures during autumn which would inhibit vernalization response and fl oral induction (Hovin et al., 1966; Ikegawa et al., 1982) , shorter photoperiod which would inhibit fl oral initiation (Broué, 1973; Gardner and Loomis, 1953) , and warmer temperatures during spring and summer which would probably inhibit seed set and fi ll (Ikegawa et al., 1982; Broué and Nicholls, 1973) . These results point out the delicate balance in winter temperature, summer temperature, and photoperiod required for adequate fl owering of these sparse-fl owering orchardgrass populations. This is emphasized by the observation that means of the two check cultivars at Parlier were within the range of values observed at the three northern locations for panicle number, panicle seed yield, and seed yield per plant (Tables 5, 6 , and 7), pointing out the diff erence in fl owering response between cultivars and sparse-fl owering populations.
The population eff ect (P = 0.05) and a population × location interaction (P = 0.01) were both signifi cant for the percentage of fl owering plants (Table 4) . Plants selected at Ithaca had the lowest percentage of fl owering plants, but this eff ect varied among locations, with very small eff ects at Central Ferry and Pullman, a larger eff ect at Corvallis, and a very large eff ect at Parlier. Thus, this interaction was a function of adaptive responses both to the selection location, with Ithaca being the southernmost, and to the evaluation location, with Parlier the southernmost evaluation location. There was a progressive suppression of fl owering in the Ithaca selections, relative to the other three selection groups, from the northern to the southern evaluation locations.
The relatively mild winters at Ithaca, compared to the other three selection locations (Casler et al., 2004) , resulted in the selection of plants that stably expressed the nonfl owering trait under milder winter conditions than typically found at Arlington, Ashland, or Charlottetown (mean temperature of the coldest winter month = -4.2°C for Ithaca and -12.0 to -6.7°C for the other three locations). The nonfl owering trait appears to be regulated, in part, by cold-temperaturesensitive genes that repress fl owering below a certain threshold temperature either pre-or postinduction. That threshold appears to vary among plants, because the plants selected at Ithaca appear to have a higher threshold than plants selected at Arlington, Ashland, or Charlottetown. Because the plants established at the four original selection locations (Casler et al., 2004) were selected at random from the original sparsefl owering populations produced at Corvallis, diff erences among the four groups of clones can be attributed to the environmental characteristics of the location at which they were selected. Selection of nonfl owering plants at locations with lower mean winter temperature was probably most successful because of the more reliable vernalization conditions and a higher success rate for vernalization. Conversely, selection of nonfl owering plants at Ithaca seemed to identify plants that were relatively nonresponsive to vernalization, i.e., sparse fl owering at all evaluation locations, particularly so at the location with the highest mean winter temperature where vernalization was relatively unsuccessful (Parlier, CA).
Among the selected plants that fl owered at Corvallis, Central Ferry, and Pullman, panicle number averaged 65% lower in the selections than in the check cultivars (Table 5) . Except for 'WO5-CHA' vs. AC Nordic at Corvallis, all groups of selections were lower in panicle number than both check cultivars at all locations and years. Mean panicle number was lowest (11%) for plants selected at Ithaca, the selection location with the warmest winter conditions, and highest (37%) for plants selected at Charlottetown, the selection location with the coldest winter conditions. Thus, the hypothesized genetic variability in threshold temperature for expression of the nonfl owering or sparse-fl owering trait is manifested both in terms of frequency of nonfl owering plants and panicle number of fl owering plants, with both traits reduced in plants selected under milder winter conditions. Panicle seed yield was signifi cantly lower in the four groups of selected plants than in the check cultivars, although this eff ect was not consistent for all locations and years (Table 6 ). This eff ect was largest and most consistent among populations at Parlier, largely due to the dramatic eff ects of local environmental conditions on panicle and seed production of the sparse-fl owering selections. Panicle seed yield was lowest for plants selected at Ithaca and this
Parlier 2006
Mean eff ect was consistent across locations and years. Diff erences among the other three groups of sparse-fl owering plants were inconsistent and probably not biologically meaningful. Because plant seed yield is the product of panicle number and panicle seed yield, the variability observed for plant seed yield (Table 7) paralleled that observed for panicle number and panicle seed yield. Plants from the two cultivars nearly always ranked highest in plant seed yield, with the exception of the Corvallis location. Sparse-fl owering plants selected at Ithaca always had the lowest plant seed yield. Among the sparse-fl owering plants, those selected at Charlottetown had the highest plant seed yield, due to their signifi cantly higher panicle number. Plant seed yield of the sparse-fl owering plants averaged 34.7% that of the cultivar plants at the three northern locations (Central Ferry, Pullman, and Corvallis) . Although low seed yield is typically associated with extremely late fl owering in orchardgrass, the low plant seed yields of the sparse-fl owering plants are not due to their late fl owering, because heading and anthesis dates were barely later than those of AC Nordic, which often had seed yields higher than Benchmark. Phenotypic diff erences among the six groups of plants are summarized by the fi rst two principal components illustrated in Fig. 1 . Plants from Benchmark were the most unique, largely due to their early heading and anthesis dates. Plants from AC Nordic were generally intermediate between those from Benchmark and those from the sparse-fl owering populations. As expected from the means, plants selected at Ithaca formed the tightest group of the four sparse-fl owering groups, and this group had the greatest distance from the plants of the two cultivars, i.e., plants selected at Ithaca were the most unique and least agronomically acceptable.
Most fl owering genes are regulated by temperature and photoperiod cues acting in concert with each other. Expression of MADS-box transcription factors that regulate vernalization responses in grasses is highly sensitive to temperature and photoperiod (Petersen et al., 2004; Ciannamea et al., 2006) . Short-day fl oral induction in orchardgrass requires a minimum eff ective chilling time that varies among genotypes (Fejer, 1966; Broué et al., 1967; Heide, 1987) . The ineffectiveness of short-day induction as temperatures approach freezing indicates a complex genetic-environmental interaction in which fl owering competence is achieved following exposure to temperatures within a fairly narrow range for a minimum period of time under short-day conditions (Heide, 1987) . In species such as orchardgrass that have evolved naturally over a wide range of latitudes and photoperiods, the genetic component of these interactions may be just as important as the environmental component.
Genetic control of fl owering is highly conserved across the Poaceae family with a high degree of sequence homology observed for vernalization and earliness genes (Armstead et al., 2004; Andersen et al., 2006; Cockram et al., 2007) . Candidate gene approaches, based on sequence homology and genomic synteny, have identifi ed numerous orthologous loci that regulate spring/winter growth responses in annual cereals and vernalization response in perennial grasses. Colocation of quantitative trait loci (QTL) for vernalization response and low-temperature tolerance in numerous studies (Brule-Babel and Fowler, 1988; Sutka and Snape, 1989; Hayes et al., 1993) suggest a possible association between short-day-fl oral-induction competence and cold tolerance. Repression of fl oral induction may be a partial regulatory mechanism in cold tolerance of perennial grasses, preserving scarce carbohydrate reserves following particularly severe winters for tillering and vegetative propagation to promote survival at the expense of seed production.
Cold temperatures, below a genotype-driven minimum, appear to be responsible for fl owering repression in the sparsefl owering orchardgrass populations in either a preinductive or postinductive manner. Preinduction repression involves early onset of freezing or near-freezing temperatures that repress short-day induction by repressing vernalization genes (Heide, 1987) . Postinduction repression occurs by prolonged exposure of induced fl oral primordia to extreme cold, often without the protective benefi ts of prolonged snow cover (Niemeläinen, 1990) . Either or both of these mechanisms may be partly responsible for expression of the sparse-fl owering trait in orchardgrass. Casler et al. (2004) hypothesized that low winter temperatures per se probably repressed fl owering by downregulating genes that normally promote fl owering. Preinduction repression must also be considered, however, because low winter temperatures during the short-day induction process may have a diff erential eff ect on sparse-fl owering genotypes than on normal-fl owering genotypes. Regardless, the sparse-fl owering trait is probably governed by genetic variants at a range of loci that regulate vernalization response, earliness, and perhaps cold tolerance.
Within this group of 86 sparse-fl owering plants, fi ve plants had an average panicle number similar to that of the AC Nordic plants and only 15% lower than that of Benchmark plants. For the fi ve selected clones, panicle seed yield was higher than that for both cultivars, and plant seed yield similar to that of Benchmark plants and 42% higher than that of AC Nordic plants (Table 8) . Clearly there is genotypic variability for diff erential fl owering response between mild-and cold-winter climates and this variability may be the basis for developing populations with reliable expression of these traits. Because the orchardgrass seed industry is driven largely by seed production potential of cultivars (Casler et al., 2000) , only a small number of these 86 genotypes are acceptable as future breeding stock.
Because fl owering in these plants appears to be regulated by winter temperatures, these results confi rm our expectations that the most desirable plants-nonfl owering under cold winters (e.g., Arlington, Ashland, or Charlottetown) and normal fl owering under mild winters (e.g., Corvallis, Central Ferry, and Pullman)-should arise from selection under severe winter conditions. At this point in time, we cannot speculate whether fl owering repression of the sparse-fl owering populations is due to preinduction repression (reduction in the critical time for vernalization response) or postinduction repression (downregulation of cold-sensitive fl owering genes).
Given the dramatic reduction in panicle number and plant seed yield of sparse-fl owering plants compared to commercial cultivars, intensive selection will be required to develop germplasm with commercial potential. Furthermore, the apparent existence of genotypic variability does not guarantee that sparse-fl owering germplasm that fails to fl ower in cold-winter climates and produces adequate seed in mild-winter climates can be developed. The evaluation of clonally propagated plants in this study is a step toward success, by ensuring that any plants selected from this study have expressed the nonfl owering trait for two consecutive years in a cold-winter climate, followed by normal fl owering and seed production for two consecutive years in a mildwinter climate. Phase III of this project, already underway, will involve testing progeny of these plants under a much wider range of cold-winter conditions to determine if these clones breed true for the nonfl owering or sparse-fl owering trait under cold-winter conditions. Phase II, reported herein, successfully demonstrated, for the fi rst time, the feasibility of identifying individual orchardgrass plants capable of dichotomous phenotypic expression of fl owering in environments defi ned largely by extreme diff erential winter temperatures. 
